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Changes in the weather will cause variations in the hydrological system. Arid
areas, with fragile hydrological systems, are very sensitive to changes in the
weather, so the coupling analysis of short-term weather and runoff in arid areas
is of great significance. The Daihai Lake is a closed inland lake in an arid area
of China. In this paper, Weather Research and Forecasting model
mode-Hydrological module (WRF-HYDRO) is used to simulate the coupling
of weather and hydrology in the Daihai Lake Basin. Regional optimization of
WRF-HYDRO is carried out to determine the optimal parameters. The optimal
WRF-HYDRO model is applied to couple the short-term weather and runoff in
the Daihai Lake Basin to reproduce several rainstorm and flood events. It is
found that runoff infiltration parameter (REFKDT) in WRF-HYDRO is the
parameter that has the most severe effect on runoff in the Daihai Lake Basin.
WRF-HYDRO can capture the rainstorm moment of the rainstorm events in
the Daihai Lake Basin, especially the first rainstorm moment, and its simulation
accuracy is good. WRF-HYDRO has a strong ability to capture flood peak, but
there is a discrepancy between WRF-HYDRO flood peak and Soil
Conservation Service Curve Number (SCS-CN) calculation result at the flood
peak moment. The northern part of Zuoyun County should guard against the
occurrence of flood disaster in wet season. The coupling of weather and
hydrology can not only make up for the lack of runoff data in arid basins, but
also provide a basis for water resources management and disaster prevention
and mitigation in the basins.

1. Introduction
Under the influence of global warming and human activities, weather, climate, and hydrological processes in arid
areas have undergone drastic changes (Liu et al., 2014). Affected by global warming, arid areas have become the
most sensitive regions to climate change (Liu et al., 2014; Meng et al., 2018). Drought, rainstorm, snowstorm, and
other extreme weather events occur frequently in arid areas, and the uncertainty of the spatial and temporal
distributions of rainfall is increasing (Abula et al., 2019). Along with the hydrological uncertainty, the frequency of
the occurrence of extreme hydrological events is also increasing (Wang et al., 2017). In arid areas, water resources
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not only determine the quality of the ecological environment, but also affect the quality of the economic development
and human social life (Hao et al., 2004). For this reason, it is urgent to clarify the process and mechanism of the
interaction between weather and water resources in order to provide a scientific reference for the macro-control of
water resources as well as disaster reduction and prevention in arid areas. The Daihai Lake is a closed inland lake in
arid area of China and one of important ecological protection areas in north of China. The study of weather and
hydrological coupling in the Daihai Lake Basin can not only make up for the lack of runoff data in the basin, but also
provide a basis for water resources management and disaster reduction and prevention in this basin.
The abrupt and short-time changes of hydrological information in arid areas are mainly caused by weather and
hydrological events resulted from the meltwater of ice and snow or heavy rainfall. There are few hydrological
observation points in arid areas; as a result, it is difficult to capture abrupt hydrological events. The coupling
model research on weather and hydrology in arid areas undertaken by global researchers can make up for this
deficiency. In this vein, Silver et al. (2017) used the coupling of Weather Research and Forecasting model (WRF)
and Weather Research and Forecasting model mode-Hydrological module (WRF-HYDRO) to simulate six storm
events in arid and semi-arid areas of Israel and Jordan to evaluate the performance of the coupling model in flood
prediction in the drought environment. They proposed a method for calibrating WRF-HYDRO flood prediction
models for arid areas. Tian et al. (2019) combined WRF and the Hebei rainfall-runoff model using WRF
three-dimensional variational (3DVar) data assimilation module to build a coupled atmospheric and hydrological
model to simulate four storm events of the Beijing-Tianjin-Hebei region in North China, with a half coupling
system in arid areas of the implementation of the flood forecasting performance. They found that the coupling
model has a very good effect on flood forecasting. Scholars also coupled WRF with WRF-HYDRO to study the
extreme weather events that affected the United Arab Emirates in March 2016 (Wehbe et al., 2019), and revealed
that the coupling model can simulate the spatial distribution of rainfall and soil moisture very well. At the same
time, they proved that the coupling model can enhance the hydrological and meteorological forecast in the
ultra-arid environment (Wehbe et al., 2019). Using WRF and a self-designed distributed snowmelt runoff model,
Chinese researchers established a short-term seasonal snowmelt runoff prediction system based on coupled
climate and hydrology models, and applied it to simulate the strong runoff events caused by snow and ice melt in
the Juntang Lake Basin, Tianshan Mountains of China in March 2009, with a simulation coefficient as high as
0.85. This system can provide a method for the simulation and prediction of runoff events caused by snow melt
water in arid areas (Qin et al., 2010). WRF-HYDRO, as a two-way atmospheric and hydrological coupling model,
has been increasingly applied in the field of meteorology and hydrology. WRF-HYDRO is the hydrological
extension of WRF (Gochis et al., 2013); it can simulate hydrological processes on the land surface at a higher
spatial scale than WRF. In addition, WRF-HYDRO enhances the simulation of land surface heat and water flux in
WRF, thus, improving the simulation of rainfall and the land water cycle in WRF (Rummler et al., 2018; Zhang et
al., 2019).
In this study, the Daihai Lake Basin is taken as a case study in arid areas of China. Firstly, based on the
meteorological data of meteorological stations and runoff data determined by the Soil Conservation Service Curve
Number (SCS-CN) method, we carry out parameter calibration on WRF-HYDRO taking July 2018 as the
calibration period. The parameters for calibration include runoff infiltration parameter (REFKDT), channel
Manning roughness parameter (MannN), surface retention depth scaling parameter (RETDEPRTFAC), and
overland flow roughness scaling parameter (OVROUGHRTFAC). The optimal values of the parameters are
selected and the optimal WRF-HYDRO is used to simulate two rainstorm events in the Daihai Lake Basin to
verify the superiority of WRF-HYDRO in short-term weather simulation and prediction, and to determine the
flood peak, flood duration, and flood inundation area. This study will provide an important foundation for water
resources management, disaster mitigation and prevention, and water ecological environment protection in the
Daihai Lake Basin.

2. Materials and methods
2.1. Study area
The Daihai Lake Basin (40°48′–40°55′N, 112°10′–112°59′E), with a basin area of 2312.75 km2 (Fig. 1), is
located in the central region of Inner Mongolia Autonomous Region of China (Wang et al., 2019). It is a closed
inland salt-water lake basin between the Yongding River Basin and the Yellow River Basin (Hu et al., 2014).
There are 22 rivers in the Daihai Lake Basin, among which the larger eight rivers are the Wuhao River, Gongba
River, Suodaigou River, Muhua River, Buliang River, Shuicaogou River, Tuchengzi River, and Tiancheng River
(Fig. 1b). Among them, the Gongba River is the longest (70 km). Most of the rivers flowing into the Daihai Lake
are intermittent, with runoff only during rainfall. A large number of rivers replenish lakes only during the period of
heavy rain or flood, but the replenishment time is relatively short (Chen et al., 2013). Surface rainfall and
groundwater are the main water sources of the Daihai Lake (Chen et al., 2020).

2.2. Model description
2.2.1. Basic setup
WRF-HYDRO can simulate and forecast water cycle elements such as rainfall, soil moisture, and runoff yield,
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Fig. 1. Overview of the study area (a) and geographic elevation and river distribution in the Daihai Lake Basin (b).
and improve the calculation ability of hydrological and climatic elements (Liu et al., 2019). WRF-HYDRO needs to
define the model domains, generate initial model conditions, and import climatic and geospatial parameter files
before running. The basic process is as follows: firstly, GEOGRID, a geospatial definition tool in the pre-processing
module of WRF preprocessing system (WPS), is used to generate the model domain and related geographic data
(GEO_EM.D0X.NC). Then the files and high-resolution geographic elevation data are input into the ArcGIS
WRF-HYDRO geographic preprocessing tool to generate high-resolution water system and water grids, and to
assemble such grids and geospatial data in GEO_EM.D0X.NC to form all WRF-HYDRO surface physical
geographical input data files. The climatic input data for WRF-HYDRO are generated by WRF.
In this paper, WRF4.1.5 and WRF-Hydro5.1.1 are coupled online. Two layers of nested domains are established
for the Daihai Lake Basin. The basic settings for WRF and WRF-HYDRO are shown in Table 1. The coverage
scope and geographical location of the two-layer nested domains are shown in Figure 1a. The boundary of Domain
2 is slightly larger than that of the Daihai Lake Basin. According to the hydrological model and the size of the
study area, the high-resolution rainfall products based on the downscaling of WRF are more suitable for
WRF-HYDRO input. There are different physical parameterization options in WRF, and the simulation accuracy
of the model depends on the parameterization scheme (Liu et al., 2013). Parameterization schemes are usually set
in advance before model simulation. The most widely used physical parameter scheme in northern China is
adopted for parameters that have an important impact on rainfall and runoff output data, as shown in Table 2 (Liu
et al., 2020). Among them, different from other previous studies, this research analyzes the hydrological
interaction information of lake basin in an arid area, so the lake option is turned on. WRF downscaling climate
output data drive the operation of WRF-HYDRO. The basic setup for the online coupling WRF-HYDRO is shown
in Table 3.
Table 1
Basic settings for Weather Research and Forecasting model (WRF) and Weather Research and Forecasting model
mode-Hydrological module (WRF-HYDRO).
Parameter
Domain horizontal resolution (km)
Domain center
Number of horizontal grids in the domain
Scale
Vertical layers
Pressure of top layer (kPa)
Integration time step (s)
Output time step (h)

Setting
Domain 1
3
40°30′34.3′′N, 112°38′45.5′′E
40×60
3:1
38
5
30
6

Domain 2
1
40°30′34.3′′N, 112°38′45.5′′E
64×82
3:1
38
5
30
6

WANG J., et al.: Coupling analysis of short-term weather and runoff in an arid lake …

267

Table 2
Physical parameters used in WRF.
Parameter
Microphysics scheme
(mp_physics)
Longwave radiation
(ra_lw_physics)
Shortwave radiation
(ra_sw_physics)
Land surface scheme
(sf_surface_physics)
Lake physics
(sf_lake_physics)

Scheme selection

Basic significance

2, Purdue Lin scheme (Lin et al., 1983)

Suitable for high resolution simulation of real data

1, Rapid Radiative Transfer Mode
(RRTM) scheme (Eli et al., 1997)

Fast radiative transfer model with accurate solution
using lookup tables to improve efficiency
Simple downward integration can effectively absorb
and scatter clouds and clear skies
Four layers of soil temperature and moisture, partial
snow, and frozen soil physical properties

1, Dudhia scheme (Dudhia et al., 1989)
2, Noah (Dudhia et al., 1989)
1, Common Land Model 4.5 (CLM4.5)
lake model

Planetary boundary layer
(bl_pbl_physics)

1, Yonsei University scheme (Hong et
al., 2005)

Cumulus parameterization
(cu_physics)

1, Kain-Fritsch scheme

The lake scheme comes from CLM4.5
An explicit inclusion layer and a parabolic K-shape
nonlocal K-scheme are presented in the unstable
mixing layer
Shallow and deep convective sub-grid scheme using
mass flux method

Table 3
Basic setup for the online coupling WRF-HYDRO.
Parameter

Setting

Hydro output interval (h)

6

Surface model

Noah

Re-interpolation factor

10:1

Depth of soil column (m)

2

Thickness of soil layer (cm)

10, 30, 60, and 100

Built in resolution (m)

100

Model time step (s)

10

Subsurface routing (SUBRTSWCRT)

1, Yes

Overland flow routing (OVRTSWCRT)

1, Yes

Channel routing (CHANRTSWCRT, channel_option)

1, Yes; 3, with diffusive wave

Baseflow bucket model (GWBASESWCRT)

0, No

The terrain of the Daihai Lake Basin is steep and the flood confluence time is short; coupled with high-intensity
and short-term rainfall, it is easy to cause serious flood disasters. The Daihai Lake Basin is a lake basin in an arid
area. Rainfall infiltration is concentrated in regions with thin soil layer and low vegetation coverage (Liu et al., 2020).
The soil aeration zone is often in a state of water shortage. Runoff production process is accompanied by a mixed
mechanism of excess infiltration capacity and excess water storage capacity, so it is reasonable to set the soil layer at
2 m. In semi-humid and semi-arid areas, the current conceptual bucket model is relatively poor in describing the base
flow, because the groundwater recharge may not be collected into the river network, especially in the shorter river
channel (Lahmers et al., 2019). The current conceptual bucket model is often closed in areas with insufficient
information on channel characteristics. In northern China, water from channels often infiltrates into local aquifers for
recharge, which is not reflected in the model at present (Liu et al., 2020). Therefore, considering the short and fine
channel characteristics of the Daihai Lake Basin as well as its location in an arid area, the current conceptual bucket
model is disabled in the study in order to avoid unrealistic simulation of river network base flow due to the lack of
sufficient information on channel characteristics.

2.2.2. Parameter calibration
Before the application and analysis of the model, the sensitivity test and calibration of the main parameters in
WRF-HYDRO should be conducted (Liu et al., 2019; Sun et al., 2020). As a distributed hydrological model,
WRF-HYDRO involves a large number of complex parameters, of which only some play a key role in the runoff
process. These sensitive parameters can be roughly divided into two categories: parameters that have a great impact
on the total runoff, and parameters that have a great impact on the hydrological process (Sun et al., 2020).
Considering the calculation cost, the manual step-by-step approximation method is used to adjust the main parameters
to avoid consuming a lot of time (Yucel et al., 2015). The manual step-by-step approximation method refers to driving
the model with appropriate steps for a certain parameter within a reasonable range, and quantitatively evaluating the
simulation results in combination with the indicators, so as to determine the best parameters. The parameter
calibration sequence is determined as REFKDT (runoff infiltration parameter), MannN (channel Manning roughness
parameter), RETDEPRTFAC (surface retention depth scaling parameter), and OVROUGHRTFAC (overland flow
roughness scaling parameter). The setting values of the above-mentioned parameters in WRF-HYDRO are shown in
Table 4.
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Table 4
Calibration parameters and their setting values in WRF-HYDRO.
Parameter classification

Parameter
REFKDT
MannN
RETDEPRTFAC
OVROUGHRTFAC

Global parameters
Local parameters

Setting value
1.0, 2.0, 2.5, 3.0, 3.5, and 4.0
1.0, 1.2, 1.5, 1.8, and 2.0
0.1, 1.0, and 1.5
0.1, 1.0, and 1.5

Note: REFKDT, runoff infiltration parameter; MannN, channel Manning roughness parameter; RETDEPRTFAC, surface retention depth
scaling parameter; OVROUGHRTFAC, overland flow roughness scaling parameter.

Percentage bias (PBIAS), Pearson correlation coefficient (R), root mean square error (RMSE), and Nash
efficiency (NSE) are selected as evaluation indices in this study. Their calculation formula, value range, and basic
meanings are described below.
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where PBIAS (%) represents the average trend of the relationship between simulated runoff and observed runoff
(greater or less) (Naabil et al., 2017; Reda et al., 2021); Yoi is the ith observed runoff (mm); Ysi is the ith simulated
runoff (mm); and n is the total number of observed values.
R represents the strength of the relationship between simulated runoff and observed runoff. The calculation
method is shown in Equation 2.
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where 𝑌̅s is the mean value of simulated runoff (mm); and 𝑌̅o is the mean value of observed runoff (mm).
RMSE represents the standard deviation of the prediction error of the model, and the small value means that the
model error is small and the model performs well (Naabil et al., 2017). The calculation method is shown in
Equation 3.
RMSE=



n
i 1

(Yoi  Ysi ) 2

.

(3)

n

NSE is commonly used to validate hydrological model simulations. The value range is from –∞ to 1 and the
model confidence range is from 0 to 1. The closer the NSE is to 1, the better the model quality is; the closer the
NSE is to 0, the closer the model simulation results are to the average level of the observed results (Liu et al.,
2020). The calculation formula is shown in Equation 4.
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2.3. Simulations of rainstorm events
In this study, the simulation time of rainstorm events in WRF-HYDRO parameter calibration is from 6 July
2018 to 24 July 2018. Flood season in the Daihai Lake Basin is concentrated from June to September, and 2018 is
a wet year with more rainfall than many years. In addition, there are several heavy rainfall events in July 2018
(Yun et al., 2019), with significant changes in rainfall and runoff.
In this study, we carry out WRF-HYDRO rainstorm flood simulation on two major rainstorm events (i.e., Storm
I and Storm II) in the history of the Daihai Lake Basin. The specific information is shown in Table 5. These two
rainstorm events belong to severe rainstorms in the Daihai Lake Basin, and both caused varying degrees of flood
disasters.
Table 5
Details of the selected two rainstorm events in the history of the Daihai Lake Basin.
Event
Storm I
Storm II

Weather station
Liangcheng County in Inner
Mongolia Autonomous Region
Liangcheng County in Inner
Mongolia Autonomous Region

Start time (UTC)

End time (UTC)

At 00:00 on 1 August 2015

At 19:00 on 1 August 2015

At 03:00 on 25 July 2020

At 19:00 on 25 July 2020

The simulation settings of the two major rainstorm events are shown in Table 6, in which the output step length
is adjusted from 6 to 1 h to observe the changes of rainstorm and flood in real time. In addition, although the
simulated rainstorm for Storm I occurs in August, the leaf area index (LAI) data should be in July, because there is
no drastic change in LAI in early August.
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Table 6
Simulation settings of the selected two rainstorm events in the Daihai Lake Basin.
Event
Simulation start time (UTC)
Simulation end time (UTC)
Output time step (h)
Static database using land use
Static database using leaf area index

Storm I
At 18:00 on 31 July 2015
At 00:00 on 2 August 2015
1
MOD12Q1 2015
MOD15A1 201507

Storm II
At 18:00 on 24 July 2020
At 00:00 on 27 July 2020
1
MOD12Q1 2020
MOD15A1 202007

2.4. Data analysis
There is no perennial hydrological observation station in the Daihai Lake Basin, so real-time hydrological
observation data are lacking. The meteorological data are from the Liangcheng Station in the basin.
In order to make up for the lack of measured hydrological data, we use SCS-CN, a small watershed runoff
calculation model, to calculate runoff under multiple rainstorm events (Darji et al., 2020; Zhou et al., 2021).
SCS-CN model is an empirical method based on the measured data of more than 150 small watersheds of the
United States Water and Soil Conservation Service. Although this model does not have a strict physical basis, it
represents the correlation law between rainfall and runoff (Yang et al., 2012). This model assumes that the following
relationship (Eq. 5) exists between rainfall and runoff production after a rainfall event (Mahmood et al., 2020).
F
Q
,
(5)

S Qm
where F is the amount of post-loss (mm), mainly referring to the amount of infiltration after the beginning of runoff;
Q is the actual surface runoff (mm); S is the maximum possible infiltration amount (potential infiltration amount)
before runoff begins (mm); and Qm is the maximum possible runoff (potential runoff) before runoff begins (mm). The
calculation method of Qm is shown in Equation 6, and that of F is shown in Equation 7 (Hussein et al., 2021).
(6)
Qm  P  Ia ,
(7)
F  P  Q  Ia ,
where P is the total rainfall (mm); and Ia is the initial loss of runoff caused by vegetation interception, initial
infiltration, and subsidence (mm).
Based on the above-mentioned formulas, we can obtain the actual surface runoff (Q; mm) using Equation 8.

( P  I a )2
.
(8)
S  P  Ia
From the above formula, it can be seen that the actual surface runoff of the basin is determined by the amount of
rainfall, potential infiltration, and initial loss. The values of total rainfall come from the meteorological stations. The
calculation of initial loss of runoff is very complicated, which is related to soil water condition, land use, soil type,
and vegetation type before runoff begins. In order to simplify the formula, researchers established a simple linear
relationship (Equation 9) between the initial loss of runoff and the maximum potential infiltration amount by using a
large number of measured data (Mahmood et al., 2020; Hussein et al., 2021).
(9)
Ia  0.2S .
By combining Equations 8 and 9, we can get Equation 10 (Xiao et al., 2011; Darji et al., 2020):
 ( P  0.2S )2

P  Ia
Q   P  0.8S
.
(10)

0
P  Ia

It can be seen from Equation 10 that the key element of runoff calculation is the amount of potential infiltration. It
is determined by soil type, soil texture, land use, and soil moisture condition. In SCS-CN model, a large number of
experimental data are used to introduce the parameter curve number (CN) and an empirical formula to calculate the
potential infiltration amount (S), as shown in Equation 11 (Wang et al., 2020):
25400
S
 254 .
(11)
CN
The steps to determine the values of CN are as follows (Yang et al., 2012; Mahmood et al., 2020): first, we divide
the soil types into four categories on the basis of soil texture and infiltration rate: A, B, C, and D (see Table 7).
Second, according to the total rainfall in the five days before the rainfall event, we classify the soil moisture in the
preceding five days into three types: dry (AMC I), average (AMC II), and wet (AMC III) (see Table 8). Third, we
classify land use types in the basin and determine CN values under different soil types, soil moisture status, and land
use types according to the lookup table. Finally, we revise CN values according to the actual situation of different
regions.
In fact, the calculation of CN is determined on the basis of land use types of the Daihai Lake Basin and soil moisture
content measured by the meteorological stations in the early stage of the rainstorm, rather than adopting the default
values. Measurements are made at all three meteorological stations, and the average value of CN is calculated as the
final CN value. It should be noted that the value of CN in each rainstorm event needs to be calculated.
Q
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Table 7
Classification criteria of soil types in Soil Conservation Service Curve Number (SCS-CN) model.
Soil type
A
B
C
D

Minimum infiltration rate (%)
>7.26
3.81–7.26
1.27–3.81
<1.27

Soil texture
Sandy soil, loamy sandy soil, and sandy loam
Loam and silt loam
Sandy clay loam
Clay loam, silty clay loam, sandy clay, silty clay, and clay

Table 8
Classification criteria of soil moisture degree in SCS-CN model.
Soil moisture classification
Dry (AMC I)
Average (AMC II)
Wet (AMC III)

Rainfall in the five days before the rainfall event (mm)
Crop growth stage
Non crop growth stage
<30.0
<15.0
30.0–50.0
15.0–30.0
>50.0
>30.0

According to the above methods, we calculate runoff in the Daihai Lake Basin on 6 July, solstice, and 24 July,
as well as compare and verify the output runoff with WRF-HYDRO parameters. The verification data of the
rainstorm events are also determined by this method.

3. Results
3.1. Parameter calibration results
3.1.1. Runoff infiltration parameter (REFKDT)
The reasonable range for REFKDT is from 0.1 to 10.0, which controls the total runoff. It is set to 1.0 to 4.0 in
this study. Figure 2 shows the comparison between simulated runoff and observed SCS-CN calculation when
WRF-HYDRO is coupled with REFKDT of 1.0, 2.0, 2.5, 3.0, and 4.0.

Fig. 2. Surface runoff curves with different parameter values: surface runoff curves with different values of runoff
infiltration parameter (REFKDT) in 2018 (a); surface runoff curves with different values of surface retention
depth scaling parameter (RETDEPRTFAC) in 2018 (b); surface runoff curves with different values of overland
flow roughness scaling parameter (OVROUGHRTFAC) in 2018 (c); and surface runoff curves with different
values of channel Manning roughness parameter (MannN) in 2018 (d). SCS-CN, Soil Conservation Service Curve
Number.

WANG J., et al.: Coupling analysis of short-term weather and runoff in an arid lake …

271

It can be seen from Figure 2a that REFKDT has a great influence on surface runoff of the Daihai Lake Basin. In
the case of unsaturated soil permeability, the higher the REFKDT value is, the smaller the surface runoff is. The
reason is that surface runoff comes from excess rainfall infiltrated by surface soil. With the increase of REFKDT,
the decrease rate of the total volume of surface runoff slows down. There are two large peak runoffs from 6 July
2018 to 24 July 2018. At the first peak runoff, for REFKDT of 3.0, its runoff is lower than the runoff for REFKDT
of 1.0 but higher than the runoff for other REFKDT values. At the same time, when REFKDT values are 2.0, 2.5,
3.5, and 4.0, the first peak runoff decreases by 68.09%, 0.08%, 36.39%, and 6.92%, respectively, compared with
the first peak runoff value of the last REFKDT value. With the increase of REFKDT, the time of runoff peak
appears gradually advanced. At the second runoff peak, the time of runoff peak is basically the same. For
REFKDT values of 2.0, 2.5, 3.5, and 4.0, peak runoff decreases by 53.60%, 33.88%, 65.43%, and 25.00%,
respectively, compared with the first peak runoff value of the last REFKDT value.
WRF-HYDRO hydrological simulation results of different REFKDT values are evaluated and analyzed. The
specific evaluation results are shown in Table 9. It can be seen from it that REFKDT of 1.0 has a much larger
RMSE than other REFKDT values and its NSE is less than 0.00, so this value is excluded. For other REFKDT
values, RMSE is around 2.00, not much different. Except REFKDT of 1.0, simulated runoff at other REFKDT
values is less than observed runoff of SCS-CN, and when REFKDT equals to 2.0, they are the closest. REFKDT
of 3.0 has the highest NSE of 0.83. Further, when REFKDT equals to 2.5, NSE is 0.80. For REFKDT higher than
2.5, the value of R between SCS-CN and simulation results is greater than 0.90.
Table 9
Evaluation results of different physics parameters.
Parameter

REFKDT

RETDEPRTFAC

OVROUGHRTFAC

MannN

Value
1.0
2.0
2.5
3.0
3.5
4.0
0.1
0.5
1.0
0.1
0.5
1.0
1.0
1.2
1.5
1.8
2.0

RMSE
11.15
2.34
1.95
1.79
2.09
2.20
5.43
3.70
1.79
4.10
4.73
1.79
1.40
3.71
4.95
5.03
5.62

PBIAS (%)
198.92
–4.79
–28.42
–18.56
–46.78
–54.02
58.51
13.85
–18.56
37.13
31.56
–18.56
–0.18
0.38
0.64
0.68
0.81

NSE
–5.54
0.71
0.80
0.83
0.77
0.74
–0.55
0.28
0.83
0.12
–0.18
0.83
0.83
–0.18
–1.10
–1.17
–1.71

R
0.49
0.84
0.91
0.93
0.92
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93
0.93

Note: RMSE, root mean square error; PBIAS, percentage bias; NSE, Nash efficiency; R, Pearson correlation coefficient.

In conclusion, in WRF-HYDRO coupling model of the Daihai Lake Basin, REFKDT of 3.0 is more appropriate,
with the smallest RMSE, the highest NSE, and the largest R value.
REFKDT is the parameter that has the most severe effect on runoff in the Daihai Lake Basin in WRF-HYDRO
model. On the whole, with the increase of REFKDT value, the curve of runoff becomes smooth, the volume of
runoff curve becomes smaller, and the peak runoff decreases.

3.1.2. Surface retention depth scaling parameter (RETDEPRTFAC)
In this calibration, RETDEPRTFAC is set at 0.1, 0.5, and 1.0. Figure 2b shows the comparison results between
WRF-HYDRO hydrological simulation and SCS-CN data under different RETDEPRTFAC values. As can be seen
from the figure, compared with RETDEPRTFAC of 0.1, runoff peak value decreases by 19.65% and 35.08% at
RETDEPRTFAC of 0.5 and 1.0, respectively.
WRF-HYDRO output runoff results are evaluated under different RETDEPRTFAC values. The evaluation
results are shown in Table 9. RMSE gradually decreases with the increase of RETDEPRTFAC. When
RETDEPRTFAC equals to 1.0, RMSE is the smallest (1.79). When RETDEPRTFAC equals to 0.1 and 0.5,
simulated runoff is generally larger than SCS-CN runoff, while when RETDEPRTFAC equals to 1.0, simulated
runoff is smaller than SCS-CN runoff. NSE is negative when RETDEPRTFAC equals to 0.1, so simulation result
of this value is poor and it can be excluded for the model. When RETDEPRTFAC equals to 1.0, NSE is the largest
(0.83) and the model quality is the best. In conclusion, RETDEPRTFAC of 1.0 is more appropriate for
WRF-HYDRO coupling simulation in the Daihai Lake Basin.

3.1.3. Overland flow roughness scaling parameter (OVROUGHRTFAC)
In this calibration, OVROUGHRTFAC is set to 0.1, 0.5, and 1.0. Figure 2c shows the comparison results of
runoff between WRF-HYDRO hydrological simulation and SCS-CN under different OVROUGHRTFAC values.
It can be seen from the figure that from OVROUGHRTFAC of 0.1 to OVROUGHRTFAC of 0.5, the peak runoff
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value increases slightly, with an increase rate of 8.86%. However, from OVROUGHRTFAC of 0.5 to
OVROUGHRTFAC of 1.0, the peak value decreases and the reduction rate is 43.41%.
WRF-HYDRO output runoff results under different OVROUGHRTFAC values are evaluated, and the
evaluation results are shown in Table 9. When OVROUGHRTFAC equals to 0.5, NSE is negative, so simulation
result of this value is poor and it is excluded from the model. RMSE is the minimum (1.79) when
OVROUGHRTFAC equals to 1.0. When OVROUGHRTFAC equals to 0.1 and 0.5, simulated runoff is generally
greater than SCS-CN runoff, and when OVROUGHRTFAC equals to 1.0, it is smaller than SCS-CN runoff. NSE
is the maximum (0.83) when OVROUGHRTFAC equals to 1.0, and the model quality is the best. In conclusion,
OVROUGHRTFAC of 1.0 is more appropriate for WRF-HYDRO coupling simulation in the Daihai Lake Basin.

3.1.4. Channel Manning roughness parameter (MannN)
After surface runoff is transported to the river network, the channel water transportation also affects the shape
of the runoff process line (the total flow). The initial condition of the river channel is shown in Table 10. The
calibration of MannN does not directly change the value of MannN, but it alters the constant value, and then the
constant is multiplied by the channel initial to adjust the MannN. In this study, MannN values are set as 1.0, 1.2,
1.5, 1.8, and 2.0.
Table 10
Initial conditions of the river channel.
River grade
1
2
3
4
5
6
7
8
9
10

BW (m)
1.5
3.0
5.0
10.0
20.0
40.0
60.0
70.0
80.0
100.0

Hlink (m)
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.10
0.30
0.30

ChSSlp (m/m)
3.00
1.00
0.50
0.18
0.05
0.05
0.05
0.05
0.05
0.05

MannN
0.55
0.35
0.15
0.10
0.07
0.05
0.04
0.03
0.02
0.01

Note: BW, the width of the river bottom; Hlink, the initial depth of the river channel; ChSSlp, the river slope.

The comparison of WRF-HYDRO hydrological simulation results under different MannN conditions is shown
in Figure 2d. As can be seen from the figure, peak runoff increases with the constant increase of MannN.
Compared with MannN of 1.0, peak runoff increases by 77.13%, 18.88%, 0.86%, and 7.39%, respectively, at
MannN of 1.2, 1.5, 1.8, and 2.0. There is a large increase of peak runoff from MannN of 1.0 to MannN of 1.2, and
the runoff curves are very similar with MannN of 1.5 and MannN of 1.8. In addition, with the increase of MannN
from 1.0 to 1.8, the growth rate of peak runoff gradually decreases. As the value of MannN increases, the curve
becomes sharper and sharper.
The hydrological simulation results of different MannN values are evaluated in Table 9. RMSE increases with
the increase of MannN. Except for MannN of 1.0, simulated runoff at all other MannN values is larger than
SCS-CN runoff. In addition, NSE is greater than 0.00 only when MannN equals to 1.0, which has the significance
of the model simulation.

3.2. Coupling precision of the rainstorm event
3.2.1. Accuracy analysis of rainfall simulation
(1) Storm I
Simulated rainfall from WRF-HYDRO and observed rainfall from Liangcheng Station for Storm I in 2015 are
shown in Figure 3. Correlation coefficient between WRF-HYDRO simulated rainfall and observed hourly rainfall
is 0.60, indicating that the simulation effect is moderately above the average. In most cases, however, simulated
rainfall is slightly smaller than observed rainfall. We use WRF-HYDRO to simulate and calibrate the timing of
this rainstorm event, especially the first rainstorm time, both for duration and extreme rainfall value, with good
simulation accuracy. However, during and after the second rainstorm event, although the forecast time of the
rainstorm is accurate, the amount of rainfall and the duration of the rainstorm are underestimated.
(2) Storm II
Simulated rainfall from WRF-HYDRO and observed rainfall from Liangcheng Station for Strom II in 2020 are
shown in Figure 3b. Correlation coefficient between WRF-HYDRO simulated rainfall and observed hourly
rainfall is 0.59, indicating a moderate simulation effect of WRF-HYDRO. In addition, at the time of heavy
rainfall, the simulated rainfall is larger than the observed rainfall, and at the time of light rainfall, the simulated
rainfall is smaller than the observed rainfall. Meanwhile, we use WRF-HYDRO to simulate and calibrate the
timing of this rainstorm event, especially the first rainstorm time, both in duration and extreme rainfall value, with
good simulation accuracy. However, although the forecast of the second and subsequent rainstorms is accurate, the
extreme value of the rainstorm is greatly overestimated and the duration of the rainstorm is underestimated.
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Fig. 3. Comparison of simulated and observed rainfall and surface runoff for Storm I in 2015 (a) and Storm II in 2020
(b). Rainfall R, correlation coefficient between simulated rainfall and observed rainfall; Runoff R, correlation
coefficient between simulated runoff and observed runoff.

3.2.2. Accuracy analysis of runoff simulation
(1) Storm I
WRF-HYDRO runoff simulation and SCS-CN runoff calculation for Storm I in 2015 are compared in Figure 3a. It
can be observed from the figure that the time distribution of WRF-HYDRO simulation and SCS-CN calculation data
is not significantly different and the spatial conijin sistency is high, indicating that WRF-HYDRO has a strong ability
to capture the flood peak. However, the flood peak value of WRF-HYDRO is smaller than that of SCS-CN
calculation at the flood peak moment. The duration of the flood simulated by WRF-HYDRO is shorter than that
calculated by SCS-CN, and the difference is more obvious when the second flood peak appears. This is similar to the
underestimation of peak and duration in rainfall simulations for Storm I.
The specific precision evaluation index values of Storm I’s rainstorm and flood event simulation are shown in
Table 11. The value of PBIAS is −50.15%, indicating that the simulation result of WRF-HYDRO is lower than the
calculation result of SCS-CN, and the simulation result is only half the calculation result of SCS-CN at the extreme
value. RMSE of the overall error evaluation parameter is 0.28, and the error is small. NSE of the simulation process is
0.38, which indicates that the simulation process has physical significance and practical value, and the reliability of
the simulation process is at a medium level.
Table 11
Evaluation indices of runoff simulation accuracy in the selected two rainstorm events.
Event
Storm I
Storm II

R
0.70
0.76

PBIAS (%)
–50.15
34.04

RMSE
0.28
0.77

NSE
0.38
0.52

(2) Storm II
WRF-HYDRO runoff simulation and SCS-CN runoff calculation results for Storm II are compared in Figure 3b.
WRF-HYDRO simulates and captures the peak times of all three floods. However, the maximum value of flood peak
simulated by WRF-HYDRO is higher than that calculated by SCS-CN, and the duration of the simulated flood peak
is shorter than that of the calculated flood peak. In the second flood peak, the high rainfall simulation also leads to the
high flood peak simulation, which is the main error in the runoff simulation of the rainstorm event. The runoff curve
of WRF-HYDRO is relatively sharp compared with that of SCS-CN, which is in strong agreement with the rainfall
curve. This indicates that WRF-HYDRO is not very effective in the simulation of the runoff accumulation process.
The specific precision evaluation index values of Storm II’s rainstorm and flood event simulation are shown in
Table 11. As can be seen from the table, the value of R is 0.76, indicating that the simulation effect of Storm II is
good, and the value of PBIAS is 34.04%, implying that the simulation result is slightly larger than the SCS-CN
calculation result, and at the extreme value, the simulation result is only three times that of the SCS-CN calculation
result. RMSE of the overall error evaluation parameter is 0.77, which is relatively small compared with that of the
runoff peak value. NSE of the simulation process is 0.52, which indicates that the simulation process of the rainstorm
event has good effect and high reliability, precision, and quality.

3.3. Analysis of rainstorm event coupling results
3.3.1. Storm I
(1) Rainfall analysis
The spatial distribution of Storm I’s rainfall simulation is shown in Figure 4. As can be seen from the figure that
this rainfall event starts from the north of Zuoyun County and the southeast of Liangcheng County, and gradually
extends due north. The rainfall reaches the maximum from 00:00 on 1 August 2015 to 12:00 on 1 August 2015.
The cumulative rainfall in Liusumu Town of Liangcheng County reaches more than 80.0 mm in 12 h, and most
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areas in the study area reaches 5.0 mm. The area of heavy rainfall expands. Since 12:00 on 1 August 2015, rainfall
gradually weakens, transfers to the northeast of Liangcheng County and the northwest of Fengzhen County, and
decreases to less than 5.0 mm accumulated rainfall in 12 h. In addition, rainfall in the southeast of Caoran Manchu
Town in Liangcheng County and the north of Zuoyun County decreases to about 1.0 mm and ends in most areas.

Fig. 4. Spatial distribution of rainfall simulation in Storm I. (a), accumulated rainfall from 18:00 on 31 July 2015 to
00:00 on 1 August 2015; (b), accumulated rainfall from 00:00 on 1 August 2015 to 12:00 on 1 August 2015; (c),
accumulated rainfall from 12:00 on 1 August 2015 to 00:00 on 2 August 2015.
According to the above rainfall simulation curves, the first extreme rainstorm occurs around 09:00 on 1 August
2015. At this time, rainfall in Liangcheng County gradually weakens outward from the center of Liumu Town. The
second extreme rainstorm appears at about 15:00 on 1 August 2015. Rainfall gradually weakens outward from the
southeast corner and the northeast corner of Liangcheng County. Therefore, it can be inferred that rainfall in the
study area generally decreases from the center with a certain point to the surrounding areas.
(2) Runoff analysis
The spatial distribution of simulated surface runoff for Storm I is shown in Figure 5. It can be observed that
surface runoff caused by this rainfall event starts from the north of Zuoyun County and gradually expands to the
northwest and flows into the Daihai Lake. After 00:00 on 1 August 2015, the rivers in the south of Zhuozi County
and the northwest of Liangcheng County also gradually flows into the Daihai Lake. The accumulated surface
runoff in Liusumu Town and Caoran Manchu Town of Liangcheng County reaches more than 500.0 mm from
00:00 on 1 August to 00:00 on 2 August, 2015, and covers a huge area. Therefore, it can be speculated that
large-scale flood disasters occur in these two regions. By combining this data with the rainfall distribution map, it can
be seen that this phenomenon is caused by high intensity rainfall.

Fig. 5. Spatial distribution of simulated surface runoff (mm/6 h) in Storm I. (a), surface runoff from 18:00 on 31 July
2015 to 00:00 on 1 August 2015; (b), surface runoff from 00:00 on 1 August 2015 to 12:00 on 1 August 2015; (c),
surface runoff from 12:00 on 1 August 2015 to 00:00 on 2 August 2015.
It is found in the figure that although there is a flood in the middle part of the Bantan river, the accumulated runoff
of the river flowing into the Daihai Lake in 12 h is less than 20.0 mm. In this rainstorm flood event, the rivers flowing
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into the Daihai Lake are mainly concentrated in the south of the Daihai Lake (Gongba River, Wuhao River, Buliang
River, and Tiancheng River), and there is a river (half a beach) in the east with surface runoff flowing into the Daihai
Lake. So, the rivers in the Daihai Lake Basin are generally seasonal rivers. In other words, when there is rainfall,
there will be a continuous runoff into the Daihai Lake to replenish the water.
At the same time, combining this with the spatial distribution of rainfall, it can be seen that runoff generation has a
certain time lag compared with the rainfall occurrence, and runoff process will continue for some time after the
rainfall ends.

3.3.2. Storm II
(1) Rainfall analysis
The spatial distribution of simulated rainfall for Storm II is shown in Figure 6. There are two rainfall peaks during
the event. The first starts from the northwest of Liangcheng County and gradually extends to the southeast. Rainfall
reaches the highest from 00:00 on 25 July 2020 to 12:00 on 25 July 2020. The accumulated rainfall in Manhan Town
of Liangcheng County reaches more than 50.0 mm in 12 h, and it reaches 20.0–30.0 mm in the northwest of Youyu
County. Since 12:00 on 25 July 2020, rainfall gradually weakens. In Manhan Town of Liangcheng County, rainfall
decreases, with accumulated rainfall of less than 5.0 mm in 12 h. In addition, rainfall in most areas decreases to less
than 0.5 mm. The second rainfall peak occurs from 00:00 on 26 July 2020 to 12:00 on 26 July 2020. Rainfall peak
starts from the north of Zuoyun County and the southeast of Liangcheng County, and gradually decreases in the
northwest direction. Rainfall in the north of Youyu County is 50.0 mm, and some areas even reach more than 80.0
mm. By 00:00 on 27 July 2020, rainfall in most areas generally ends, except for the northern part of Liangcheng
County where rainfall is mainly light to moderate.

Fig. 6. Spatial distribution of accumulated rainfall for Storm II. (a), accumulated rainfall from 00:00 on 25 July
2020 to 12:00 on 25 July 2020; (b), accumulated rainfall from 12:00 on 25 July 2020 to 00:00 on 26 July 2020;
(c), accumulated rainfall from 00:00 on 26 July 2020 to 12:00 on 26 July 2020; (d), accumulated rainfall from
12:00 on 26 July 2020 to 00:00 on 27 July 2020; (e), accumulated rainfall from 00:00 on 27 July 2020 to 12:00 on
27 July 2020.
(2) Runoff analysis
The spatial distribution of simulated surface runoff for Storm II is shown in Figure 7. According to the spatial
distribution of rainfall with two high-intensity rainfall events, surface runoff is expected to have two high-intensity
rapids. The first rapid has two directions: one extends from the northwest of Liangcheng County to the southeast
and flows into the Daihai Lake, with a basic flow of 5.0–10.0 mm and up to 100.0 mm in some areas; the other
flows into the Daihai Lake from the south of Liangcheng County, but runoff is not huge, lasting from 00:00 on 25
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July 2020 to 00:00 on 26 July 2020. The first high-intensity runoff flowing into the Daihai Lake is mainly from
the Gongba River in the south of the Daihai Lake. The second rapid also has two directions: one is from the
northwest of Liangcheng County to southeast into the Daihai Lake, the other is from the southeast to northwest
into the Daihai Lake. The second flood has a surface runoff of 500.0 mm in several areas in the southwest and
southeast of the Daihai Lake, in the north of Zuoyun County, and in the southeast of Liangcheng County, and
flows into the Daihai Lake until 00:00 on 27 July 2020. The second flood flows into the Daihai Lake mainly from
the Buliang River and Tiancheng River. It can be speculated that there may be flood disaster in the area where the
second runoff reaches 500.0 mm.

Fig. 7. Spatial distribution of simulated surface runoff (mm/6 h) for Storm II. (a), surface runoff from 00:00 on 25
July 2020 to 12:00 on 25 July 2020; (b), surface runoff from 12:00 on 25 July 2020 to 00:00 on 26 July 2020; (c),
surface runoff from 00:00 on 26 July 2020 to 12:00 on 26 July 2020; (d), surface runoff from 12:00 on 26 July
2020 to 00:00 on 27 July 2020; (e), surface runoff from 00:00 on 27 July 2020 to 12:00 on 27 July 2020.

4. Discussion
4.1. Parameter sensitive discussion
In arid and semi-arid regions, the conceptual bucket model used in WRF-HYDRO gives a relatively poor
description of the base flow because groundwater recharge does not necessarily reach the river network, especially
in short channels (Lahmers et al., 2019). The conceptual bucket model is shut down due to inadequate description
of the channels. In northern China, water from river courses often seeps into local aquifers for recharge, and such
recharge sources are not reflected in the model at present (Liu et al., 2020). Therefore, in order to avoid unrealistic
simulation of the base flow of the river network due to lack of sufficient information about channel characteristics,
we disable the conceptual bucket model in this study. However, closing the base-flow model will result in runoff
simulation error during the rainstorm events.
The simulation results of WRF-HYDRO are not only affected by the values of model parameters, but also by
the driving data. Inherent uncertainties of climate prediction will inevitably lead to parallel uncertainties of
hydrological prediction (Yucel et al., 2015). The best values and recommended ranges for parameters may be
affected by drive data to some extent.
In arid and semi-arid regions, WRF-HYDRO parameters can be eliminated by modifying or eliminating
WRF-HYDRO base-flow mid-bucket model, allowing deep groundwater recharge. Reasonable application of the
groundwater model can obtain better results of runoff simulation. Considering the limitations of WRF-HYDRO
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base-flow mid-bucket model, coupling WRF-HYDRO with the groundwater model may contribute to the accuracy
of runoff simulation in the future.

4.2. Rainstorm event simulation
Combined with these two events (Storm I and Storm II), it is found that WRF-HYDRO simulation performance
for rainstorm event prediction will be reduced if there are two or more high-density rainfall events. WRF-HYDRO
is accurate in capturing the time of rainstorm, but it has some deviations in estimating the duration and extreme
value of rainstorm. This error may be due to input rainfall products because it directly affects the accuracy of
model simulation and prediction results. Therefore, the research and development of high-quality rainfall products
with high spatial and temporal resolutions for China are of great importance to flood simulation and prediction,
especially for mountain flood prediction (Chao et al., 2021).
WRF-HYDRO also has simulation errors for the flood peak and the duration of the flood peak combined with
the two rainstorm and flood event simulations. The error may come from many aspects, such as the uncertainty of
rainfall, the accuracy of the river network, and model parameters (the determination of the base flow model)
(Yucel et al., 2015). Further, it may come from the prediction of underlying surface conditions in the early stage of
the rainstorm event. Premature rainfall or drought may cause errors in the prediction of soil hydrological content
on the underlying surface, resulting in the uncertain flood peak and duration.
Due to the lack of real-time observation data in the Daihai Lake Basin, the accuracy of flood simulation and
prediction is reduced. WRF-HYDRO simulation of flood inundation areas can be verified from the side. The
government has reported that mountain torrents are caused by heavy rainfall in Liangcheng County on the
afternoon of 1 August 2015, which is basically consistent with the conclusions drawn from the above analysis. In
addition, some people encounter a sudden flood at the junction of Zhuozi County and Liangcheng County, which
is consistent with the simulated flood points in the distribution map. It is recorded that rainfall in some areas of
Liangcheng County reaches 100.0 mm on 1 August 2015, which is similar with the simulation results. Therefore,
WRF-HYDRO has great advantages and good performance for rainstorm and flood simulation in the Daihai Lake
Basin and other similar arid basins; it can also simulate and predict the submerged area, submerged amount, and
submerged time.

5. Conclusions
In this study, we first calibrate WRF-HYDRO parameters, then use the optimal WRF-HYDRO model to
simulate several rainstorm events in the Daihai Lake Basin, and finally analyze the risk prediction of rainstorm
and flood and the feasibility of WRF-HYDRO application in the Daihai Lake Basin. For WRF-HYDRO coupling
model of the Daihai Lake Basin, REFKDT of 3.0, RETDEPRTFAC of 1.0, OVROUGHRTFAC of 1.0, and
MannN of 1.0 are more appropriate, with the minimum RMSE, the highest NES, and the largest R value. The R
values between simulated rainfall of WRF-HYDRO and observed hourly rainfall data are 0.60 and 0.59 for Storm
I and Storm II, respectively, which are within the acceptable range. It can be seen from the rainfall curve that
WRF-HYDRO can accurately capture the rainstorm time in the Daihai Lake Basin, especially the first rainstorm
time, with high simulation accuracy, whether it is the duration or the rainfall extreme value. However, during the
second rainstorm time and after the rainstorm, although the rainstorm time forecast is accurate, the extreme value
of the rainstorm and the duration of the rainstorm are underestimated. The R values between WRF-HYDRO runoff
simulation and SCS-CN runoff calculation are 0.70 and 0.76 for Storm I and Storm II, respectively, with good
performance of WRF-HYDRO. It can be seen from the runoff curve that WRF-HYDRO has a strong ability to
capture flood peaks, but there is a certain error between WRF-HYDRO flood peak value and SCS-CN calculation
result at the flood peak moment, and the flood duration of WRF-HYDRO is shorter than that of SCS-CN
calculation result. This difference is more obvious when the second flood peak appears. Short-term weather runoff
events mainly occur from June to September in the Daihai Lake Basin, and are significantly affected by natural
rainfall; their variations are basically the same. Surface runoff is easily interrupted in the dry season.
WRF-HYDRO coupling of climate and hydrology in the Daihai Lake Basin not only makes up for the
deficiency of observation data, but also accurately obtains the time and range of short-term weather events in the
basin, which will provide a basis for water resources management and disaster prevention and mitigation in the
basin.
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